Short Communication
Lignocellulose, a major constituent of plant biomass, is a potential feedstock for bioconversion. However, one of the main bottlenecks to produce bioethanol is the high cost of enzymes used for hydrolysis of insoluble substrates to the fermentable sugar glucose. Hence, research on cellulases that enable efficient hydrolysis of plant biomass is a key point. Among cellulases, β-glucosidase (EC 3.2.1.21) acts in the final step of cellulose saccharification, liberating glucose. Moreover, it reduces the inhibition of endoglucanase (EC 3.2.1.4) and cellobiohydrolase (EC 3.2.1.91) through hydrolysis of cellobiose and cello-oligosaccharides (Bhatia et al., 2002; Lynd et al., 2002) . β-Glucosidase itself is also subjected to the product inhibition which makes the identification of β-glucosidases insensitive to or stimulated by glucose of special interest in bioconversion (Perezpons et al., 1995; Uchima et al., 2011 . Interestingly, in nature, termites are insects with a great capacity/facility to degrade wood; 74 99% of the cellulose ingested is hydrolyzed (Prins and Kreulen, 1991) . The high efficiency of termites in the degradation of plant biomass motivated the development of the present work. The aim of this study is to analyze some features of an endogenous β-glucosidase from the salivary gland of the higher termite Nasutitermes takasagoensis, hereafter called G1sgNtBG1 (glycoside hydrolase family 1), that might be useful in bioethanol production.
N. takasagoensis cDNA was used as a donor of the target gene encoding G1sgNtBG1 (GenBank accession no. AB508954). Escherichia coli DH5α was used for DNA manipulations, and Pichia pastoris strain KM71 (his4 aox1::ARG4, Invitrogen) was used as a host for heterologous expression of G1sgNtBG1. The episomal plasmid pBGP3 was employed for the expression of myc-and hexahistidine-tagged G1sgNtBG1 in P. pastoris; electroporation of the expression plasmid into P. pastoris was done according to the standard method (Cereghino and Cregg, 2000) . Purification of G1sgNtBG1 was performed using a Ni 2+ -NTA Purification System following the manufacturer s instructions (Qiagen). β-Glucosidase activity was routinely assayed using 10 µM of p-nitrophenyl-β-D-glucopyranoside (pNPG; Sigma, St. Louis, USA) as a substrate according to the method previously described (Uchima et al., 2011) and the release of p-nitrophenol (pNP) was measured at A 410 . G1sgNtBG1 activity was also determined by the release of glucose from saccharides and cello-oligosaccharides using glucose oxidase-mutarotase reagent (Glucose CII Test Wako; Wako Pure Chemical Co., Tokyo, Japan) according to the method previously de- Vol. 59 UCHIMA et al. scribed (Tokuda et al., 2002) . The substrates used were 2% (w/v) laminaribiose, 2% laminarin, 2% gentiobiose, 2% sophorose, 2% salicin, 2% lactose, 1% carboxymethyl cellulose (CMC), 1% Avicel, 30 mM of cellobiose, 30 mM cellotriose, 30 mM cellotetraose, 30 mM cellopentaose, and 30 mM cellohexaose. Each substrate was dissolved in 50 mM sodium acetate buffer (pH 5.5) and incubated with the enzyme. The release of glucose was measured at A 505 . In all analyses, one unit (U) was defined as the amount of enzyme that releases 1 µmol of product per minute under the conditions used. Protein deglycosylation analysis was done by incubating the purified enzyme with endoglycosidase H (Endo H; New England Biolabs). The molecular mass of G1sgNtBG1 was analyzed by gel filtration chromatography as described . The temperature optimum and stability of G1sgNtBG1 were determined by incubating the purified enzyme for 30 min at temperatures ranging from 25 C to 80 C with or without the substrate pNPG, respectively. The remaining activities were measured according to the standard assay procedure. The pH optimum of G1s-gNtBG1 was measured by assaying at different pH (pH 3.0 10.0) for 30 min at 45 C. The pH stability was determined by pre-incubating the purified enzyme at different pH for 30 min at 40 C without the substrate pNPG. The remaining activities were measured according to the standard assay procedure. The buffers used in this experiment were 50 mM citrate (pH 3 to 6), 50 mM sodium acetate (pH 4.5 to 6.5), 50 mM phosphate (pH 6 to 8), and 50 mM glycine-NaOH (pH 8 to 10). The maximum activities obtained were taken as 100%. The effect of glucose on the activities of G1s-gNtBG1 and Novozym 188, a commercial β-glucosidase often used in industry, was analyzed by incubating the enzymes with glucose (0.1 to 1.0 M) for 30 min and then assaying for the β-glucosidase activity. The activity observed in the absence of glucose was set at 100%. The results presented are the average SD of three independent experiments. G1sgNtBG1, the theoretical molecular mass of which is 54 kDa, was successfully expressed in P. pastoris and purified in a single-step using Ni 2+ -NTA chromatography ( Fig. 1A and B) . G1sgNtBG1 possesses one potential N-linked glycosylation site in its mature region, and endoglycosidase H (endo H)-treatment reduced the apparent size from 58 to 56 kDa, indicating that G1sgNtBG1 was N-glycosylated in P. pastoris (Fig.  1C) . The native molecular mass of purified G1sgNt-BG1 was analyzed by gel filtration chromatography, which demonstrated that G1sgNtBG1 was eluted at the molecular mass of around 163 kDa, suggesting that G1sgNtBG1 is presumably a trimeric protein (data not shown).
Maximum activity of G1sgNtBG1 was observed at 50 C ( Fig. 2A) and pH 6.0 (Fig. 2C) under the assay conditions. More than 80% of its maximum activity was retained at temperatures up to 50 C. Total inactivation of the enzyme was observed at temperatures above 70 C (Fig. 2B) . G1sgNtBG1 was stable from pH 5.0 to 7.0 (Fig. 2D) . These temperature and pH profiles of G1sgNtBG1 are very similar to those of G1NkBG (Uchima et al., 2011) , an endogenous β-glucosidase from the salivary gland of the lower termite Neotermes koshunensis. Usually the hydrolysis of cellulose is performed under mild conditions of around 45 C and pH 5.0 where G1sgNtBG1 displays its optimum activity.
To examine the substrate specificity of G1sgNtBG1, the enzyme was incubated with various substrates including some saccharides and oligosaccharides (Table 1). Laminaribiose (β-1,3-linked glucose) was the most preferred saccharide, followed by salicin (βGlc; 39.9%), sophorose (β-1,2-linked glucose; 31.8%), and gentiobiose (β-1,6-linked glucose; 25.2%). Lactose (β-1,4-linked galactose; 13.7% of laminaribiose) was the least preferred saccharide hydrolyzed. G1sgNt-BG1 failed to hydrolyze laminarin (6.5%), a β-1,3 and β-1,6-linked polyglycan, CMC, and Avicel, the latter two of which are β-1,4 polyglycans. G1sgNtBG1 hydrolyzed all the cello-oligosaccharides tested: cellobiose (74.8%), cellotriose (26.7%), cellotetraose (25.9%), cellopentaose (18.2%), and cellohexaose (13.1%).
Since wood is the main diet source for termites, it is intuitive that cello-oligosaccharides were hydrolyzed by termite β-glucosidases including G1NkBG and G1mgNtBG1, another endogenous β-glucosidase from the midgut of N. takasagoensis (Uchima et al., 2011 . Activities on laminaribiose and cello-oligosaccharides, constituents of plant cell walls, emphasize the importance of G1sgNtBG1 in the hydrolysis of biomass.
The most important characteristic of G1sgNtBG1 is its tolerance to glucose (Fig. 3) . Although glucose dose-dependently inhibited the activity of G1sgNtBG1 and Novozym 188, G1sgNtBG1 was far more glucose- a The release of glucose was measured using the glucose oxidase-mutarotase reagent. The relative activity of the most preferred substrate, laminaribiose, was taken as 100%. Each value is the mean the standard deviation of three independent experiments. tolerant than Novozym 188: while the activity of G1s-gNtBG1 was not affected by 0.1 M glucose, Novozym 188 retained less than 30% of its activity. Similarly, Novozym 188 was severely inhibited by 0.6 M glucose, but G1sgNtBG1 still had about 70% of its activity. Glucose tolerance is not a common characteristic among β-glucosidases. In fact, most β-glucosidases are inhibited by the end-product glucose (Bhat et al., 1993; Cristakopoulos et al., 1994; Yoon et al., 2008) . Only some β-glucosidases have been reported to be tolerant of glucose (Günata and Vallier, 1999; Karnchanatat et al., 2007; Riou et al., 1998; Saha and Bothast, 1996; Yan and Lin, 1997) . We previously showed that G1NkBG is not only tolerant of but also stimulated by glucose at concentrations ranging from 0.2 to 0.6 M (Uchima et al., 2011) . G1mgNtBG1 also displayed glucose tolerance . Thus, β-glucosidases from termites appear to be good candidates as supplements in the cellulolytic processes, especially in the case of a separate hydrolysis and fermentation (SHF) process where glucose remains in the reaction mixture . High glucose tolerance and efficiency in hydrolysis of cellooligosaccharides make G1sgNtBG1 a potential enzyme to be used as a supplement in the enzymatic hydrolysis of cellulose. Further studies are needed to investigate the synergism with other cellulases. 
